INTRODUCTION
The determination of soil stresses is needed to verify models used to predict soil compaction resulting from applied loads. Most models of compaction relate the volume change in soil to the applied stress. The hydrostatic compaction model developed by Bailey et al. (1984) has shown good agreement with data from triaxial tests. However, more realistic data, such as the pressures created by a tire or tillage tool, are needed for further evaluation of the model. The complete stress state at a point in the soil must be known if direct comparisons between laboratory tests and field experiments are to be made. The complete stress state also needs to be known to determine shearing stresses which may influence soil compaction.
The objective of this study was to develop a stress transducer capable of providing sufficient data to determine the complete stress state in a finite soil region. The development and evaluation of a transducer that measured normal pressures in six predetermined directions, and the method of calculating the complete stress state from the data obtained with the transducer are presented in this report.
LITERATURE REVIEW
The most common type of soil stress transducer uses a deforming diaphragm with electrical resistance strain gages. These transducers tend to have a very stable output and are suitable for long term static measurements. An example of this type of transducer is the Waterways Experiment Station pressure cell (WES, 1944 stress transducer have been developed and implemented. Verma et al. (1976) developed a spherical transducer in which omnidirectioal sensing was accomplished by measuring the pressure of an encased liquid. When the transducer was embedded in a triaxial soil sample under hydrostatic loading its output was linearly related to the hydrostatic pressure applied to the soil sample. When distortional (shearing) forces were applied to the soil sample, the transducer response was complex and was apparently indicating some average stress in the soil surrounding the transducer.
Some investigators have attempted to measure the complete state of stress at a point by measuring pressures at carefully specified orientations and locations. Blackwood (1977) designed an instrument to measure the complete stress state in soft rock or coal. The instrument was a solid, cylindrical inclusion enclosing a three-dimensional array of 10 electrical resistance strain gages. Biaxial strain gage rosettes were used in the instrument. Vanden Berg (1958) used a circular plate loading to take advantage of the circular symmetry of the surface load. Because of this symmetry, the stress state was assumed to be symmetric about the vertical axis through the center of the load circle, and any plane containing this axis was a principal plane. This reduced the number of unknowns in the stress tensor to four and required only four measurements of normal pressure. Harris (1960) developed a six-directional stress transducer to measure the normal pressures necessary to calculate the components of the stress tensor. The transducer was made of a hollow brass sphere with an outside diameter of 7.62 cm (3 in.) and an inside diameter of 4.76 cm (1.875 in.). Six diaphragm pressure cells were located in each hemisphere. Three of the pressure cells were mutually perpendicular, and the other three were oriented in the planes that bisect any two of the three mutually perpendicular directions. When the two half spheres were connected, the corresponding cells in each half sphere were oriented diametrically opposite each other. These pairs of cells were connected to form two legs of a Wheat stone bridge. The bridge arrangement with two pressure cells gave an average of the two independent readings. The transducer was used for studying the relationships between the invariants of the stress tensor and bulk density. All soil loading data acquired by the transducer were obtained in a soil tank under circular plate loading.
The purpose of placing a pressure measurement device in soil is to obtain pressure values as close as possible to actual values existing if the device were not present. Unless the stress-strain characteristics of the transducer are identical to those of the soil, the pressure applied to the transducer will be a function of the soil-transducer interaction. A transducer stiffer than the surrounding soil will tend to sense a pressure greater than that applied (overregistration) while a transducer less stiff than the surrounding soil will tend to sense a pressure less than that applied (underregistration) (Selig, 1964) . Since the stress-strain relationship for soil is non-linear and much lower than that for metals, it is impractical to attempt to match the stress-strain relationship of the transducer with the surrounding soil. Peattie and Sparrow (1954) suggest that the optimum ratio of transducer stressstrain modulus to soil stress-strain modulus is on the order of 10 or greater.
The aspect ratio of the transducer can also influence the pressure measurement. This ratio of transducer thickness to diameter (t/d) has been shown to significantly influence the magnitude of pressure redistribution (Peattie and Sparrow, 1954) . Pressure redistribution causes the soil to arch onto or across the transducer, depending on the rigidity of the transducer in relation to the soil strength. The larger the aspect ratio, the greater the redistribution of pressure. Lynch (1966) suggests that the optimum aspect ratio is on the order of 0.1 or less.
Another important consideration is the relationship between the pressure sensitive area and the total contact area of the transducer. Because of uneven pressure distribution across the transducer face caused by pressure concentration at the transducer edges, Peattie and Sparrow (1954) suggested that the ratio of sensitive area to the total contact area should be less than 0.45 for a transducer with a pressure responsive diaphragm. However, according to tests performed by Waterways Experiment Station in 1954 and 1955, impending soil failure results in a shift of pressure concentrations from the edge to the central part of the cell-rim assembly (Hvorslev, 1976) . Thus, the initial advantage of an inactive rim may disappear when pressure conditions in the surrounding soil approach failure. However, most diaphragm-type designs still utilize a rigid ring surrounding the sensing element.
Calibration tests should be conducted to assess the performance of any soil pressure transducer. Brown (1977) notes that it is desirable to calibrate soil pressure transducers under controlled laboratory conditions that simulate the expected field conditions as closely as possible. Triandafilidis (1974) emphasized that the transducer response will be affected by the properties of the medium in which the tests are performed. This implies that the measuring medium and the calibration medium should have similar moisture contents and levels of compaction for the soil calibration to be useful.
Placement of the transducer in the soil medium is critical. If the soil surrounding the transducer is not restored to the same state that existed prior to transducer placement, this soil will behave differently from the surrounding soil mass. A dense pocket of soil surrounding a transducer will cause overregistration, while a loose pocket of soil will cause underregistration. This is possibly one of the most significant factors influencing measurement consistency and reproducibility (Selig, 1964) .
DESIGN OF STRESS STATE TRANSDUCER

Stress Theory
The mathematics for defining the state of stress at a point in a continuum come from the laws of statics and the requirements for equilibrium of an imaginary cube cut from the continuum. In the absence of gravitational or other body forces, three normal stresses and six shearing stresses may act on the cube. But, because of equilibrium, only three shearing stresses are independent. Therefore, three normal stresses (o^, o, and oj and three shearing stresses (r^y, T," and jy,) must be determined to define the stress state at a point.
From the proof of the theorem that six stress components completely determine the stress state at a point on any given plane passing through that point, the following relation between the normal stress component on any given plane and the six stress components is obtained: ^n = (^^)^x + (^^)^ + (n2)a, + (2) (C) (m)r,y + (2) (m) (n)r,, + (2) (n) (£) Ty, [1] where On = the normal stress component acting on the given plane i = the cosine of the angle between the normal on the given plane and the x-direction m = the cosine of the angle between the normal on the given plane and the y-direction n = the cosine of the angle between the normal on the given plane and the z-direction If the measured normal pressure components from three mutually orthogonal planes and three other arbitrary but non-orthogonal planes are substituted with appropriate direction cosines into equation [1] , a syste of three simultaneous equations is obtained. The three unknowns in the equations are the shear stresses r^y, T^^, Xy^, which, along with the original three orthogonal normal stresses, completely describe the stress state at the point.
The directions of the three arbitrary planes were chosen to keep all six sensing elements in a close grouping. The direction cosines for these planes with respect to the three mutually orthogonal planes are listed in Table 1 . Substituting the direction cosines into equation [1] , denoting the measurements of normal pressure on the three arbitrary planes as Om, On2, and Ons respectively, and solving for the unknowns yields the equations:
Ty, = (3/4)(ani+an2) -(1/2)(a^+ay+a^) [4] 
Transducer Design
The physical design of the transducer incorporated as many of the previously discussed criteria as possible. In order to keep the transducer stress-strain modulus significantly greater than the soil stress-strain modulus, aluminum was chosen as the construction material. To attain an aspect ratio of 0.1, the sensing elements were mounted on discs extended out from a machined core block by thin rods (Fig. 1) .
The sensing elements for the transducer must have a low profile in order to be attached to the mounting discs with a minimum of protrusion above the disc surface. A 0.635 cm (0.25 in.) diameter thin, diaphragm-type electrical resistance strain gage transducer was chosen because it could meet the size criteria and be suitable for static or slowly varying pressure measurements. A slot was milled on the surface of each mounting disc where the transducers were attached. The criterion that the sensitive area should be less than 45% of the total contact area was fulfilled by making the mounting discs larger than the sensing elements. This provided an inactive rim to minimize the effect of any pressure concentrations that might be present at the disc edge. The total contact area of the disc was covered with thin (0.1 mm) Teflon* tape to protect the sensing elements and to minimize the influence of lateral forces on the pressure measurements.
The overall size of the transducer was chosen to keep all the sensing elements as close together as possible in order to minimize the effect of pressure variations within the soil. However, it was also desired to keep the individual mounting discs far enough apart to minimize any boundary and interference effects, and to allow the individual discs to function separately. The central, machined block was 2.54 cm (1.0 in.) square material and the distance from the face of the block to the mounting disc face was also 2.54 cm. Thus, the largest dimension on the transducer was 5.08 cm (2.0 in.). The mounting discs on which individual sensing elements were embedded were 2.22 cm (0.875 in.) in diameter, and were attached to the end of rods .318 cm (0.125 in.) in diameter. Fig. 1 shows the stress state transducer fully assembled without the Teflon covering.
PROCEDURE
Calibrations of the stress state transducer were performed both in air pressure and in soil. The modified triaxial apparatus at the National Soil Dynamics Laboratory (NSDL) was used for both types of calibration (Bailey et al. 1984) . A computer program controlled the applied pressures and acquired the output from the stress state transducer.
The calibration in air was performed by placing the transducer in the empty triaxial chamber. The soil loading was accomplished by placing the stress state transducer in a 13 cm diameter plastic bag that was used to form a soil sample. The soil bag was sealed around the base pedestal of the triaxial chamber, filled with soil, and sealed at the top. The transducer lead wire were brought out through the base pedestal of the triaxial chamber to connect with the data acquisition system. This allowed the application of a known hydrostatic pressure to the transducer embedded in soil.
Two soils, Norfolk sandy loam and Lloyd clay, were used to evaluate the transducer response in soil. Pertinent physical properties are presented in Table 2 . The soils had been passed through a 2-mm sieve before being wetted to the desired moisture content. The Norfolk sandy loam was used in an air dry condition (moisture content = 0.6%, d.b.) and the Lloyd clay was used at a moisture content of 15.0%, d.b.
When the stress state transducer displayed high overregistration during the soil calibration tests, modifications were made to the original design. The rods supporting the mounting discs wre shortened until the disc edges touched, and an epoxy compound was used to fill in the space between the mounting discs and the central block. These changes resulted in a smaller transducer and prevented soil flow around the mounting discs. Fig. 2 shows the modified stress state transducer completely assembled.
RESULTS
The sensing elements used in the stress state transducer calibrated well under air pressure. The sensitivity ranged from 0.0016 mV/V/kPa to 0.0025 mV/V/kPa for the six sensing elements. All calibrations were linear within 1.0%, and most were within 0.5%. Results obtained from repeated calibrations differed by less than 1.0%.
Data from soil loading of the original stress state transducer showed high values of overregistration by each sensing element. Overregistration was as high as 33.4 and 54.0% in the sand and clay, respectively.
Data from soil loading of the modified stress state transducer showed marked improvement in the transducer performance over the original transducer design. Table 3 shows soil stress data acquired with the modified stress state transducer, percent difference between the measured and applied pressures, and standard deviations among replicates. Each soil pressure measurement shown is an average of four replicates. The sensing elements in this configuration showed a slight tendency to underregister in both the sand and the clay. Average measured values ranged from 5.6% under to 5.4% over the applied pressure in the sand and from 5.1% under to 5.9% over the applied pressure in the clay. There was also an improvement in the standard deviations among replicates for the modified transducer design over the original transducer design.
DISCUSSION
The original soil stress transducer was designed with the mounting disc arrangement to enable the individual sensing elements to benefit from the aspect ratio of the discs. The soil loading data indicated that other phenomena were occurring that masked any benefit of this design. Although overregistration could be expected because of the relative stiffness of the stress state transducer as compared to the soil, the values obtained with the original transducer design were greater than expected for a diaphragm-type gage. Complex soiltransducer interactions caused by soil flow around the individual mounting discs may have been causing the high overregistration. Also, failure planes occurring around the mounting discs could have contributed to the high values of overregistration. Variations in measurements among the sensing elements at a given level of pressure probably were influenced by soil variations produced while placing soil around and between the mounting discs.
Data from soil loading of the modified soil stress transducer showed improvement in measurement accuracy and repeatability over the original transducer design. These results indicated that the elimination of soil flow between sensing elements gave more accurate and repeatable results in a hydrostatic loading situation. The largest coefficient of variation obtained with the original design was 20.2%. Modification of the transducer reduced this to 8.7%.
Future work with the stress state transducer will include evaluation of transducer response under nonhydrostatic loading and investigation of the influence of sensing element size relative to the soil particle size. The transducer will also be implemented in acquiring soil stress data under a moving tire in the soil bins at the NSDL.
SUMMARY
The study of soil compaction behavior using data acquired from full-scale field loadings requires a method for determining the complete stress state in a local soil region. The measurement of the complete stress state during a realistic field situation enables the determination of shear stresses which influence soil compaction behavior.
A transducer has been developed for measurement of normal pressures and subsequent calculation of the complete stress state at a point in the soil. Data acquired by hydrostatic loading of the transducer in soil showed limitations in the original transducer design. Improvements in the soil stress management were obtained by modifying the transducer design to prevent soil flow between the sensing elements. The modified soil stress state transducer performed satisfactorily under hydrostatic loading in soil with all six sensing elements measuring with 6 percent of the applied stress.
